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We  have  demonstrated  that a planar  integrated  optical  Bragg  grating  sensor  chip,  fabricated  using  a
direct  UV-writing  approach,  can perform  as  an  all-optically  accessed  relative  humidity  sensor.  Using  a
simple  mesoporous  silica  thin  ﬁlm  enabled  operation  across  the range  0–100%RH,  however  a thickness
decrease  of 25%  caused  by hydrolytic  degradation  of the  silica  thin  ﬁlm  resulted  in  a permanent  decrease
in sensitivity  after  1–2  weeks  use.  Grafting  the  thin-ﬁlm  with  aluminium  oxide  is shown  here to  pre-
vent  hydrolytic  degradation  with  long-term  sensitivity  maintained.  Aluminium  oxide  grafting  offers  the
additional  beneﬁt  of enhanced  sensitivity,  up to 3.5  times  that  of  the  silica  analogue;  the  sensitivity  of
the  aluminium  oxide  modiﬁed  thin ﬁlm  device  = 0.69  ±  0.05%RH/pm,  in the  range  0–60%RH  within  a  gas
ﬂow  system,  whilst  the  sensitivity  of  the  silica thin  ﬁlm  sensor  device  = 2.47  ±  0.18%RH/pm.  Long-termntegrated optics
ol–gel
measurements,  in static  ambient  lab conditions,  were  in  excellent  agreement  with  a commercial  humid-
ity sensor  and  also  indicated  that  the  thermal  compensation  afforded  by the  on-chip  reference  gratings
was  sufﬁcient  to prevent  any  drift  in  calibration.  As  with  all humidity  sensors,  contamination  of  the
sensor  occurred.  But for  the  aluminium  oxide  device,  this  was  easily  removed  by  rinsing  with  common
organic  solvents  and  the  sensitivity  was  repeatedly  and  reproducibly  restored.  The device  is accessed
logy  using  optical  ﬁbre  techno
. Introduction
Humidity impacts on a diverse range of industrial, agricultural,
edical and domestic processes, including chemical gas puriﬁca-
ion, soil moisture monitoring, incubation processes, and intelli-
ent ﬁne control of ambient environments within buildings [1]. In
ituations such as industrial manufacturing plants, it can be essen-
ial that any measuring techniques be intrinsically spark-free [2].
The humidity of a system is typically quoted in terms of relative
umidity, %RH, and is deﬁned as the ratio of the actual vapour pres-
ure of water vapour to the saturation vapour pressure of water
ver a plane liquid water surface at a given temperature and is
xpressed as a percentage [3].
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The earliest recorded attempt at humidity sensing was by
Hooke using an ‘oat beard hygrometer’ [4]. Early humidity mea-
suring techniques including twisted hair hygrometers, wet  and
dry bulb psychrometers (including the variants, the sling psy-
chrometer and the Assmann ventilated psychrometer) and chilled
mirror hygrometers [5], all have largely been superseded by elec-
tronic methods. The main disadvantage with these mechanical
devices is that the techniques employed do not lend themselves
to facile miniaturisation or remote and distributed sensing. To
overcome these disadvantages miniaturised electrical humidity
sensors were developed, with ∼75% of commercially available sys-
tems now capacitive electrical hygrometers [6]. These miniaturised
electrical devices transduce the moisture uptake in ceramic thin
ﬁlms into a change in capacitance. While ceramic-based devices
possess very high sensitivities, they require sporadic heating to
remove condensed water to maintain their sensitivity [6]. To over-
come this issue, sensor devices with ‘on-device’ heating elements
have been reported [6], however these active components increase
Open access under CC BY license. power consumption and introduce a spark risk in ﬂammable envi-
ronments. Less common resistance-based electrical hygrometers
transduce humidity into changes in impedance within a ceramic,
organic polymer or electrolyte doped material [6]. However,
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iniaturised resistivity transducer devices suffer from degradation
f the organic polymer in both high humidity and temperatures
6], while electrolyte-doped materials need regular maintenance
o maintain a stable response [4]. Further, the use of ceramic mate-
ials similarly requires on-chip heating elements, again with the
dditional spark-risk beyond that which is intrinsic to all electrical
ased sensors.
In contrast, optical ﬁbre sensors are intrinsically suitable for use
n hazardous or explosive environments. There are many exam-
les in the literature of optical ﬁbre relative humidity sensors
7]. Krishnaswamy et al. have reported optical ﬁbre long-period
ragg grating relative humidity sensors [8,9] of which the latest
teration is a nanoﬁlm-coated photonic crystal optical ﬁbre con-
aining long-period gratings [10]. This device exhibits a sensitivity
f 7.0 × 10−4% change in RH for a 1 pm wavelength change within its
ost sensitive operating range (22–29%RH). However, the operable
emperature of the sensor is limited by the thermal stability of the
rganic components of the nanoﬁlm coating; as poly(acrylic acid)
egins to thermally degrade in the temperature range of 70–140 ◦C
11].
Integrated optical hygrometers are also largely suitable for use
n hazardous or explosive environments as well as affording the
bility to interrogate remotely large multi-sensor arrays via optical
bre [12]. In addition, integrated optics allows for on-chip thermal
ompensation [13] and the combination of multiple optical func-
ions in a single device, allowing for multi-parameter analysis [14].
hile there exists potential for planar integrated optical hygrome-
ers to be applied to the monitoring of humidity within hazardous
nvironments, an important role may  also be as part of a diagnos-
ic tool to prevent moisture damage to photonic integrated circuits
PICs), where the stability of the packaging and UV-curable epoxy
dhesives used to manufacture PICs in optical network systems can
e severely impacted in high humidity environments [15].
There are relatively few examples of planar integrated opti-
al hygrometers reported in the literature. Skrdla et al. presented
 planar waveguide water vapour sensor that utilised an organic
ye encapsulated in a sol–gel thin ﬁlm. While this demonstrated
 sensitivity range of 1–70%RH with a response time of <1 min,
he restricted interrogation wavelength of 514.5 nm is incompat-
ble with standard telecoms equipment that typically operate at
ear-infrared wavelengths [16]. In addition these devices have the
otential disadvantage of photobleaching [17]. Bhola et al. reported
n optical micro-ring resonator hygrometer with a sensitivity of
6 pm/%RH in the range 0–72%RH and a response time of ∼200 ms,
lthough highly sensitive the device has the drawback that the tem-
erature of the device needs to be kept constant to within ±0.1 ◦C to
chieve an accuracy of ±0.5%RH [18]. Prosposito et al. have recently
eported preliminary studies of a potential hygrometer consisting
f a sol–gel waveguide containing a Bragg grating on a planar sub-
trate [19], but it was only applied to the detection of liquid water
nd not relative humidity. More recently Rosenberger et al. have
eported a planar integrated Bragg grating device fabricated from
ulk poly(methyl methacrylate) and this device was demonstrated
s a relative humidity sensor [20]. However, a key potential issue
f this device is the susceptibility of poly(methyl methacrylate)
o swelling and catastrophic fracturing in the presence of solvent
apours [21]. In contrast the planar integrated Bragg grating sensor
evices of the type demonstrated herein allow for on-chip tem-
erature compensation [8,22] and are resistant to a wide range of
ommon solvents [23].
. BackgroundA Bragg grating is a periodic modulation of refractive index along
 waveguiding channel, which in reﬂection acts as a wavelength-
elective mirror. Bragg gratings are inherently sensitive to bothtors B 188 (2013) 857– 866
temperature and strain, however if the light within the waveguide
is able to interact with the ambient environment, then evanescent
coupling allows for a change in the optical characteristics which
can be sensed [24]. Changes in this environment alter the effective
refractive index, neff of the Bragg grating and correspondingly the
shift in the Bragg wavelength (B). This is shown schematically in
Fig. 1(a).
By incorporating several Bragg gratings within a single wave-
guide and interrogating the wavelength shift of the reﬂected Bragg
peaks at near infrared wavelengths, an integrated optical refrac-
tometer can be produced (Fig. 1(b)). Such waveguides can be
fabricated directly with a UV-laser into a planar photosensitised
silica-on-silicon substrate to produce a wide range of integrated
optical devices, such as optical splitters and Mach–Zehnder inter-
ferometers [25,26]. The expansion of this approach, through the
controlled modulation of a pair of interfering UV-laser beams
[27,28], allows for the simultaneous deﬁnition of Bragg grat-
ings within these waveguides without the need for additional
photolithographic processing. The high spectral ﬁdelity of the
Gaussian-apodised grating fabricated by this method allows the
Bragg wavelength to be determined with sub-picometre precision,
corresponding to changes in the refractive index of the analyte
down to 10−6. A thorough review on the fabrication of planar inte-
grated Bragg gratings devices using the direct UV-writing approach
is given by Sparrow et al. [29].
Exposed integrated optical Bragg gratings have previously been
shown to be sensitive to the formation of physisorbed water on the
surface of the exposed waveguide [30]. When a layer of physisorbed
water condenses onto the surface, air of refractive index 1.00 is
replaced by a ﬁlm of water of index 1.33, raising the average refrac-
tive index (neff) experienced by the optical mode of the waveguide.
The Bragg grating can be used to probe this increase in neff through
the corresponding increase in the Bragg wavelength. While this
device was able to probe the phase change of water on the sur-
face at the dew point; for a practical optical hygrometer it will
be necessary for the Bragg grating sensor to operate at far lower
humidity levels, where the physisorbed water layer would be only
a few nanometres thick. In such a situation, only a very small frac-
tion of the evanescent ﬁeld would be exposed to the change in
refractive index upon changes in the thickness of this thin ﬁlm of
moisture, corresponding to a small Bragg wavelength shift upon
humidity change. Here we propose that to increase the sensitivity
of such a Bragg grating device, an increase in the sensing surface
area is required to amplify the effect of the formation of such water
layers.
One approach to increase the surface area of the sensor exposed
to water vapour is through the use of a porous matrix deposited
on top of the waveguide. Many different porous materials able
to incorporate guests are reported in the literature as sensing
elements; from metal-organic frameworks [31] and zeolites [32]
to polymer hydrogels [33] and silica sol–gels [34]. However,
miniaturised electrical humidity sensors based on metal-organic
frameworks or zeolite transducers, are generally operated at tem-
peratures above 120 ◦C, which requires additional power and
may  present an ignition risk in ﬂammable environments [26],
whilst organic polymer hydrogels can be chemically and thermally
unstable in harsh operating conditions [26]. In contrast, sensor
transducer elements fabricated from silica sol–gels offer improved
physical rigidity and thermal stability [35], important when mon-
itoring refractive index. In addition, for preferential physisorption
of water to occur, a hydrophilic surface is desired.
Mesoporous sol–gel ﬁlms have been previously reported for
application in the sensing of vapours [36,37]. These metal oxide
thin ﬁlms (typically silica) can be fabricated at low temperature
and in mild conditions, with ﬁne control of the porous mesostruc-
ture [38]. The hydrophilic silanol-coated pores, combined with the
D.J. Wales et al. / Sensors and Actuators B 188 (2013) 857– 866 859
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Uig. 1. (a) Calibration curve of a Bragg grating refractometer device to changes in
ithin  this work.
arge surface area available for adsorption of water molecules lend
ilica sol–gel thin ﬁlms to application in humidity sensing.
Here we investigate the long-term stability of silica sol–gel for
se in optical hygrometers and explore the advantages of introduc-
ng an alumina-grafted surface into such systems. We  report an
ntegrated optical Bragg grating hygrometer fabricated by the direct
V-writing of Bragg gratings into a silica-on-silicon substrate com-
ined with a mesoporous sol–gel thin ﬁlm as the sensing element,
ithout the need for photolithographic or clean-room processing.
he sensor is capable of monitoring relative humidity from 0 to
00%RH, with a standard error of ±0.3%RH measurable linearly
cross the range 0–60%RH; this covers the operating range for pro-
esses such as textile processing, pharmaceutical manufacture and
torage [39].
. Experimental
.1. Integrated optical Bragg grating refractometer
Flame hydrolysis deposition was used to deposit a fully dense,
lassy germanium-doped silica layer onto a thick thermal oxide
∼17 m)  coated silicon wafer (∼1 mm).  Into this doped core layer,
hannel waveguides containing Bragg gratings were written using
 pair of interfering UV-laser beams ( = 244 nm). A process known
s direct UV grating writing allows for the simultaneous formation
f both waveguides and, through modulation of the laser intensity,
ragg gratings [8,9]. The UV-written waveguide dimensions were
eﬁned by the thickness of the planar core layer and the width of the
V beam, both approximately 5 m.  Multiple Bragg gratings weretive index and (b) an illustration of the Bragg grating refractometer devices used
written into a single waveguiding channel, each Bragg grating being
2 mm  long and with a period between 525 and 542 nm,  satisfying
the Bragg condition to reﬂect at wavelengths between 1520 and
1570 nm.
A commercial optical ﬁbre ‘pigtail’ was aligned and robustly
attached to the integrated Bragg grating device via a commercially
available ‘v-groove’ optical ﬁbre assembly and UV-cured adhesive.
Solubilisation of the UV-cured adhesive by water vapour was not
expected; the UV-cured adhesive is very insoluble in water. Regard-
less, the ‘pigtail’ joint was routinely protected by a polymer sheath,
which did not interfere with operation of the sensor, and acted
to prevent/lessen the degradation of the UV-cured adhesive due
to ingression of solvent vapour during the solvent washing/steps
to regenerate the sol–gel thin ﬁlm. The reﬂectance spectrum of
the device was interrogated through the optical ﬁbre pigtail by an
infrared erbium ﬁbre ampliﬁed stimulated emission (ASE) source
(1520–1570 nm)  and was  analysed by an optical signal analyser
(OSA) connected via an optical circulator. The central wavelength
of the Bragg peak was calculated from a Gaussian ﬁt, allowing for
sub-picometre resolution. The effective refractive index, neff is pre-
sented in this work as a shift relative to an initial value, neff, rather
than as an absolute refractive index.
3.2. Mesoporous sol–gel thin ﬁlmsCommercially available compounds and solvents were obtained
from Sigma–Aldrich, Fisher Scientiﬁc and Acros Organics and used
as supplied without further puriﬁcation, unless noted. AcroSeal®
grade tetraethoxysilane (TEOS) was used in sol–gel preparation.
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e-ionised water (>18.1 M)  was used in the fabrication of the
esoporous thin ﬁlm and for all humidity sensing experiments.
thanol was distilled over calcium sulphate and used immediately.
etyltrimethylammonium bromide (CTAB) was dried and stored in
 desiccator in vacuo before use. Dry nitrogen gas refers to Oxygen
ree Nitrogen (OFN), 99.9% purity.
Surface proﬁle data (step height and surface roughness, Ra) was
ecorded using a KLA Tencor P.16 surface proﬁler connected to a PC
unning Proﬁler v7.21 software. Spin coating was performed using
 Speciality Coating Systems Inc. G3P-8 Spincoat. Energy-dispersive
-ray (EDX) spectra were collected using an Oxford Instruments
NCA X-ray detector attachment (Be window, connected to a PC
unning INCA EDX software) on a Zeiss Evo 50 scanning electron
icroscope in high vacuum mode (20 m aperture), accelerating
oltage = 20 kV, gun current ∼2.41 A, working distance = 9.5 cm and
agniﬁcation ∼×5000, controlled by a PC running Zeiss Smart SEM
oftware. The samples were coated with 77 nm of carbon before
nalysis.
The mesoporous silica sol–gel thin ﬁlms were fabricated using
 modiﬁed procedure utilising the evaporation-induced self-
ssembly (EISA) technique [40] which is summarised as follows:
etraethoxysilane (TEOS, 10 mL,  4.48 × 10−2 mol) was  added to dis-
illed ethanol (7.9 mL,  1.34 × 10−1 mol), de-ionised water (6.4 mL,
.58 × 10−1 mol, resistivity > 18.1 M)  and aqueous hydrochloric
cid solution (0.1 M,  22.4 L) and allowed to hydrolyse for 90 min
t 60 ◦C under an inert atmosphere. After cooling to room temper-
ture, the concentration of hydrochloric acid within the reaction
ixture was increased to 7.3 × 10−4 mol  dm−3 by the addition of
.0 mL  of aqueous hydrochloric acid solution (0.2 M).  The sol was
tirred for 15 min  under nitrogen and then ‘aged’ without stir-
ing at 60 ◦C in air for a further 15 min. Finally, distilled ethanol
75 mL)  and the pore template, cetyltrimethylammonium bromide
CTAB, 2.55 g, 7.00 × 10−3 mol) were added with rigorous stirring to
fford a colourless, slightly turbid sol. The concentration of CTAB in
he ﬁnal sol (7.0 × 10−2 mol  dm−3) was chosen so that the desired
orm-like porous mesostructure would be formed upon spin depo-
ition and subsequent calcination [41].
Before application of the mesoporous thin ﬁlms onto the sur-
ace of the waveguide layer, the device was cleaned with “piranha”
olution (98% H2SO4:30% H2O2, 3:1) for 45 min, washed copiously
ith de-ionised water and then dried thoroughly under a ﬂow of
itrogen. Immediately following cleaning, the sol was  applied to
he sensor device by spin deposition of 0.2 mL  of the sol solution at
000 rpm for 1 min. The deposited layer was calcined at 400 ◦C for
 h (heating rate 1.5 ◦C/min) in a N2/O2/Ar (∼2.1:∼0.7:∼0.5 L/min)
tmosphere to form the mesoporous thin ﬁlm. The average thick-
ess of this silica sol–gel mesoporous thin ﬁlm was found to be
30 ± 27 nm by step proﬁlometry; the large associated errors are
ttributed to the signiﬁcant topographical waviness measured in
ll spin coated samples of the viscous sol.
Aluminium oxide was grafted into the mesoporous silica ﬁlm
sing a modiﬁcation of a literature procedure [42], whereby an
queous solution of ‘aluminium hydroxide/oxide’ species was
ormed by the dissolution of anhydrous aluminium chloride
∼1.6 g) in de-ionised water (25 mL). The silica mesoporous thin
lm was immersed in this solution at 80 ◦C for 6 h, rinsed copi-
usly with de-ionised water and dried under a stream of nitrogen
as. The substrate was then calcined at 450 ◦C for 3 h (heating
ate 1.0 ◦C/min) in a N2/O2/Ar (∼2.1:∼0.7:∼0.5 L/min) atmosphere
o consolidate the aluminium oxide. Mesoporous silica is known
o slowly dissolve under these reaction conditions until the pro-
ective alumina layer is fully formed. To compensate for this
rosion, a silica mesoporous thin ﬁlm of ∼300 nm was initially pre-
ared by deposition at a lower spin speed. This ﬁlm subsequently
educed in thickness during the reaction to 260 ± 24 nm for the
luminium oxide grafted mesoporous thin ﬁlm. In this way  bothtors B 188 (2013) 857– 866
aluminosilicate and silica ﬁlms of comparable thickness could be
fabricated allowing for direct comparison.
The presence of aluminium oxide was conﬁrmed by the
appearance of a weak intensity peak on the EDX spectrum that cor-
responded to the aluminium K emission (1.486 keV) adjacent to a
higher intensity and broader peak corresponding to the silicon K
emission (1.739 keV). It should be noted that this experiment was
carried out on a separate device to that used for humidity sensing
experiments as the conductive layer of carbon used to prevent
surface charging in the scanning electron microscope would have
irreparably contaminated the sensing layer. However, as the graft-
ing procedure was identical for both samples, it was  inferred that
aluminium oxide grafting was  achieved in the case of the sensor
device.
3.3. Optical hygrometry
The gas delivery apparatus for optical hygrometry experiments
is shown schematically in Fig. 2. The integrated optical Bragg grat-
ing device (‘BGD’) was  mounted within a ﬂow cell and interrogated
whilst exposed to a ﬂow of nitrogen gas. The temperature within
this cell was  monitored via a thermocouple.
The water vapour in the nitrogen carrier gas was  introduced by
bubbling dry nitrogen gas (typically ∼3.5 L/min) through a reservoir
of de-ionised water (‘H2O’) and by altering the water temperature
the water vapour concentration was  controlled. The temperature
of the reservoir was incrementally changed using an external water
bath, the temperature of which was raised or lowered with either
a hotplate or addition of ice, respectively. To return the integrated
Bragg grating hygrometer device to its initial state after exposure
to water vapour, the reservoir was bypassed allowing the cell to
be purged with dry nitrogen gas (>5 L/min). In addition, before a
humidity measurement was  recorded, a stable %RH value for the
moist nitrogen gas ﬂow was ﬁrst achieved by altering the water
bath temperature and referenced against an in-line electronic com-
mercial Testo 625 hygrometer (‘%RH’). Once a constant %RH value
was achieved, the moist nitrogen gas was introduced into the cell
containing ‘BGD’. It should be noted that while the vapour ﬂow
was stabilising, the sensor device was  kept under a secondary dry
nitrogen ﬂow to avoid contamination.
The full spectrum of the reﬂected peaks of the Bragg gratings
was sampled every 20–25 s via the OSA. The average shift in Bragg
wavelengths upon exposure of the sensor device to changes in
humidity were calculated by subtraction of an average over at least
5 min  of the Bragg wavelength measured during the exposure to
water vapour from the average of the stable background, measured
under dry nitrogen before and after, allowing thermal effects to be
minimised.
4. Results and discussion
4.1. Integrated optical Bragg grating hygrometer
A channel waveguide containing eight Bragg gratings was fab-
ricated (Fig. 3(a)). Each Bragg grating acted as an independent
refractometer, capable of detecting changes in the refractive index
near the surface through the corresponding shift in the Bragg wave-
length. This sensor surface was partially coated with a mesoporous,
transparent and crack-free silica sol–gel thin ﬁlm, ∼250 nm thick.
The mesoporous nature of the thin ﬁlm was  achieved by doping the
silica sol with a surfactant, CTAB via the evaporation induced self-
assembly (EISA) technique [35]. By only covering the central four
Bragg gratings underneath the sol–gel, the two peripheral Bragg
gratings on either side could be used for self-referencing against
other environmental ﬂuctuations; primarily temperature. The
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Fig. 2. A schematic of the gas ﬂow network used to investigate the Bragg grating response to changes in humidity. Water vapour was generated by bubbling dry nitrogen gas
through a de-ionised water reservoir (‘H2O’). ‘%RH’ represents the electronic reference hygrometer and ‘BGD’ is the location of the ﬂow cell containing the integrated optical
Bragg  grating device. A second nitrogen purge was used to maintain a dry atmosphere between measurements.
Fig. 3. (a) A schematic of the planar integrated Bragg grating hygrometer, illustrating the location of the eight Bragg gratings along the waveguide and their approximate
Bragg  wavelength in nm.  The grey region designates the mesoporous thin ﬁlm. The readout system is connected to the chip using an optical ﬁbre and is robustly pigtailed
using  standard telecomm assembly techniques. (b) The reﬂected Bragg grating spectrum of the bare device as collected from the optical spectrum analyser (OSA) and (inset)
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dashed black).
orresponding Bragg peak for each of the eight Bragg gratings is
hown in Fig. 3(b); this spectrum was collected with the bare
evice, i.e. no sol–gel thin ﬁlm on the device. It should be noted
hat the Bragg gratings at the extremities of the device, while suit-
ble for temperature referencing, exhibited spectral fringes which
egraded the quality of ﬁtting. As such, these gratings (1535 and
570 nm)  were not used explicitly for referencing in the followinga-grafted thin ﬁlm (solid black) relative to the same Bragg grating in the bare state
work, but did allow for further conﬁrmation of thermal trends that
were observed (Fig. 3(b)).
The Bragg grating sensor was exposed to nitrogen gas contain-
ing a controlled concentration of water vapour and interrogated
optically in the infrared region. The measurements were taken by
cycling between dry nitrogen (recorded at 0%RH) and the vapour
loaded ﬂow to give a reference value and this protocol was adopted
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cig. 4. (a) The average Bragg wavelength shift of the mesoporous silica sol–gel th
n  contrast the two uncovered Bragg gratings (circles) show no response to humi
ncreasing relative humidity was  observed, demonstrating on-chip thermal compen
or all measurements within the ﬂow-cell system. By comparing
he observed Bragg wavelength shift with the relative humidity
ecorded by an electronic hygrometer located in close proxim-
ty, the sensitivity of the device to changes in humidity could be
robed. As shown in Fig. 4(a), it was found that there was a linear
esponse between the average Bragg wavelength shift recorded by
he sol–gel covered region upon increasing the relative humidity
rom 3%RH to 90%RH. In contrast, the Bragg wavelength shift mea-
ured for the uncovered Bragg gratings was ∼5 pm for all values of
elative humidity above 3%RH. This independence between Bragg
avelength shift and humidity is attributed to a rapid saturation of
he surface with water, with further subtle variations in the aver-
ge Bragg wavelength shift primarily due to changes in temperature
uring the experiment. Temperature referencing was achieved by a
rst-order subtraction of the average Bragg wavelength shift for the
ncovered region from the average Bragg wavelength shift of the
overed region. This temperature referencing method is based onm region (crosses) increases when exposed to increasing relative humidity, %RH.
hange. (b) After subtraction of reference gratings an improved linear response to
n.
a good ﬁrst approximation that the average n/T that the optical
mode experiences, where n is the refractive index, in the region
covered with the ∼250 nm thickness thin ﬁlm is comparable to
that of the uncovered region. Thus changes in temperature should
affect all gratings equally and so full compensation for such ﬂuc-
tuations was  achieved passively and on-chip [19]. After applying
on-chip referencing, the linearity of the average Bragg wavelength
shift with increasing humidity was found to be improved, with the
linear regression coefﬁcient of determination (R2) increasing from
0.96 to 0.98 (Fig. 4(b)). In all ﬁgures, unless explicitly stated, the x-
axis error bars represent the average associated uncertainty of an
average %RH value calculated from a range of %RH values measured
with the Testo 625 relative humidity sensor, which is quoted as hav-
ing an accuracy of ±2.5%RH [43]. The y-axis error bars represent
the associated average uncertainty of an average Bragg wavelength
shift calculated for either the uncovered or covered Bragg gratings
at a particular %RH value.
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PFig. 5. Three data sets were collected from 0–100%RH after prolonged
This result demonstrates that the refractive index change upon
hysisorption of water into the pores of a silica sol–gel is sufﬁcient
o be detected by the high precision Bragg gratings reported here.
he device exhibited a linear response to relative humidity within
he broad operating range of 3–90%RH, with sensitivity to a single
ercentage change in %RH being achievable. The majority of rela-
ive humidity measurement applications fall within this range and
ith further optimisation of the ﬁlm thickness and enhancement
f the evanescent modal overlap we believe that this technique
an match the state-of-the-art [44] with the additional real-world
eneﬁts of multiplexed sensing and self-referencing demonstrated
ere.
.2. Studies into long-term stability – aluminosilicate sol–gels
The shortcoming of all silica based sol–gel ﬁlms in the ﬁeld
f hygrometry is their inherent solubility in water, leading to
ydrolytic degradation. After 2–3 days of continued experimenta-
ion at elevated humidity (often exceeding 90%RH) and ∼11 days in
mbient atmosphere (typically 45%RH), a 50% decrease in the sensi-
ivity of the device was observed. It was initially proposed that this
ecrease in sensitivity was due to a reduction in the active sensing
urface area caused by retention of moisture within the pores of the
ol–gel. To test this, the device was heated in air at 50 ◦C for 24 h
owever the device was not restored to its original state. A higher
rying temperature was not used as this could have caused ther-
al  degradation of the optical glue used to attach the optical ﬁbre.
t should be noted that both the sol–gel thin ﬁlm and the Bragg grat-
ng sensor chip would not have been degraded by a higher drying
emperature; the sol–gel thin ﬁlm is calcined on the sensor chip
p to 450 ◦C and no degradation was observed after this treatment.
urthermore, the storage of the device in vacuo over desiccant for
4 h also did not improve the sensitivity.
Surface proﬁlometry of the device revealed that the sol–gel ﬁlm
ad decreased by ∼25% relative to its original thickness. It is pro-
osed that this loss of ﬁlm thickness is due to collapse thereby
educing the active surface area for water physisorption, leading to
he loss of sensitivity. Indeed, it has been previously reported [45]
hat the thickness of silica sol–gel thin ﬁlms decreases after fabrica-
ion until a stable thickness is reached, due to exposure to ambient
umidity. Rapid thickness decreases have also been demonstrated
o occur when mesoporous silica sol–gel thin ﬁlms were fully
mmersed in aqueous solution [37] due to hydrolytic degradation.
revention of this degradation of silica sol–gels has been reportedure to elevated humidity (>95%RH). Lines are guides for the eye only.
[37] by treatment of the mesoporous thin ﬁlms with aluminium
oxide either during synthesis or through a post-fabrication treat-
ment [37]. In this work, a post-fabrication treatment was  applied as
this does not alter the structure of the already formed mesoporous
network within the thin ﬁlm [46] allowing for direct comparison
between the silica and the treated analogue.
A Bragg grating hygrometer was  prepared identically to the pre-
viously discussed silica system with the addition of post-fabrication
grafting of aluminium oxide as discussed above. After the alu-
minium oxide grafting treatment, the thin ﬁlm was found to have
remained transparent and crack-free. Optical hygrometry with
on-chip temperature compensation was  repeated with this new
device as per the silica thin ﬁlm device. While the behaviour of
the uncovered reference gratings was  unchanged, it was  found
that the sensitivity to changes in humidity for the covered gratings
had more than doubled and that the proﬁle was no longer found
to be linear, but instead exhibited a more complex relationship
between relative humidity and the average Bragg wavelength shift
(Fig. 5).
The increase in sensitivity is attributed to the aluminosilicate
mesoporous thin ﬁlm having a higher refractive index compared
to the silica mesoporous thin ﬁlm. The higher refractive index of
the aluminosilicate mesoporous thin ﬁlm ‘pulls’ the optical mode
further out of the waveguide core. Thus, more of the power within
the evanescent wave interacts with the sol–gel sensor layer. The
higher refractive index was conﬁrmed by monitoring the Bragg
wavelength shift caused by deposition of the silica layer and com-
paring this to the Bragg wavelength shift during the fabrication of
the aluminosilicate mesoporous thin ﬁlm on the device (Fig. 3(b)
(inset)) with the ﬁnal Bragg wavelength shift after fabrication of the
aluminosilicate mesoporous thin ﬁlm determined to be ∼370 pm,
whilst the ﬁnal Bragg wavelength shift after deposition of a silica
mesoporous thin ﬁlm was  ∼270 pm.  It is known that the larger the
change in refractive index, the larger the Bragg wavelength shift.
Furthermore, both layers were of equivalent thickness within error,
therefore conﬁrming that the refractive index of the aluminosilicate
thin ﬁlm was greater than the silica thin ﬁlm.
The response time of the device in a ﬂow system was determined
by taking an average of three independent sensing events, where
the humidity was  stepped from 0%RH to 90%RH and the time taken
for a stable Bragg wavelength shift to be achieved was recorded.
The response time of a gas sensor is deﬁned as the time taken to
achieve 90% of the ﬁnal change after a step increase of the con-
centration of the analyte gas [47]. For this sensor, 90% of the ﬁnal
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Fig. 6. The close agreement between the Bragg wavelength shift of the aluminosilicate-coated optical Bragg grating hygrometer (black line) with the commercial electronic
hygrometer (red crosses) relative to the initial value, when both devices were exposed to the open laboratory for 11 h. The range of the associated error of the Bragg grating
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pumidity sensor is given between the two dashed black lines. The accuracy of each
For  interpretation of the references to colour in this ﬁgure legend, the reader is ref
onstant Bragg wavelength value was reached in 55 s. A 90% shift
s sufﬁcient to differentiate between all %RH values; an identical
esponse curve would be generated, but just at Bragg wavelength
hift values 10% lower than in Fig. 5. Therefore the viable response
ime of the humidity sensor device is <1 min.
The stability of the aluminosilicate-modiﬁed device was  tested
hrough exposure to >95%RH for ∼2 h followed by three repeat
easurements of the complete sensitivity proﬁle from 0%RH to
00%RH. In all three cases, it was found that the sensor responses
f the device at all relative humidity values were in excellent
greement with each other, demonstrating the much improved sta-
ility of the aluminosilicate-grafted surface (Fig. 5). This stability to
ydrolytic degradation was further conﬁrmed though surface pro-
lometry with the thickness of the mesoporous layer found to be
nchanged throughout these experiments.
The non-linear sensitivity response of the Bragg refractometer
o relative humidity when grafted with aluminosilicate enabled
ven greater sensitivity at humidity ranges of interest for real-
orld applications. In the region of 0–60%RH, the aluminium oxide
rafted device exhibited sensitivity up to 3 times greater than
xhibited by the analogous silica device. Performing a linear regres-
ion to the data in the range 0–60%RH and using the standard
rror of the Bragg wavelength shift, a calculation of the precision of
he aluminosilicate modiﬁed thin ﬁlm device at room temperature
ielded a value of ±0.3%RH. From Kaye and Laby [48], at 4 ◦C, the
bsolute concentration of water in air drops by a factor of three from
ts room temperature value (∼21 ◦C) so the precision of the device
s expected to worsen to ±0.9%RH. Above ∼60%RH there is a reduc-
ion in sensitivity exhibited by the aluminosilicate device which
s shown as the shallower gradient on the plot; this was  demon-
trated in all three data sets. This limits operation at high water
oncentrations and thus would limit operation at higher tempera-
ures; however it would be relatively simple to make a less sensitive
evice by reducing the porosity of the active sensing sol–gel thin
lm. It is proposed that at relative humidity values <60%RH the
esponse of the device follows a similar trend as evident in Fig. 1(a).
ith increasing relative humidity the amount of water (n ∼ 1.33)
ithin the pores of the aluminosilicate thin ﬁlm increases and dis-
laces nitrogen gas (n ∼ 1.00); the average refractive index of thesurement using the electronic hygrometer is shown by the red vertical error bars.
to the web version of this article.)
thin ﬁlm increases. This results in the optical mode being increas-
ingly ‘pulled’ further out of the waveguide and thus the extent of
the evanescent wave increases. Therefore more of the optical mode
experiences the increasing refractive index of the thin ﬁlm, which
in turn, increases the sensitivity of the mode to further increases in
refractive index. Thus the magnitude of the Bragg wavelength shift
increases in a quadratic manner as further exempliﬁed in Fig. 1(a).
For the case of relative humidity values >60%RH, it is proposed
that saturation of the pores had occurred and only multilayers of
adsorbed water are forming on the top surface of the thin ﬁlm. This
argument is supported by the work of Al-Abadleh who demon-
strated that above 70%RH formation of a liquid-like water layers
form on aluminium oxide surfaces [49]; with it known that water
is readily adsorbed on aluminium oxide [50]. The larger error bars
calculated for the data at the highest %RH values also suggest that
multilayers of water are forming; it has been demonstrated previ-
ously that uneven coverage of the sensor surface with condensed
water leads to increased uncertainty of the Bragg wavelength
[25].
Therefore it is proposed that the difference in the humidity
response proﬁle is due to a higher rate of water adsorption on
the aluminium oxide surface compared to the silica surface. This
leads to saturation of the aluminium oxide surface at %RH < 100%
whereas the silica thin ﬁlm is never saturated under the conditions
in this experiment. This is corroborated by the heats of adsorption
for water on silica and aluminium oxide which are ∼59 kJ mol−1
[51] and ∼70 kJ mol−1 [52], respectively; the greater the magnitude
of the heat of adsorption the more favoured adsorption becomes
and thus the equilibrium is shifted towards adsorption of the water
molecules on the surface.
To conﬁrm the long-term operation of this optical hygrometer,
its application outside of the ﬂow system was  investigated. The
Bragg grating hygrometer device was  installed in the open labora-
tory and the Bragg wavelength shift was  sampled every 30 s over
an eleven hour period whilst the relative humidity recorded from
the electronic hygrometer (in close proximity to the Bragg grat-
ing hygrometer device) was  sampled manually every 30 min. The
temperature-compensated response of the Bragg grating device to
changes in relative humidity over the course of the day is overlaid in
D.J. Wales et al. / Sensors and Actuators B 188 (2013) 857– 866 865
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cig. 7. The decrease in Bragg wavelength upon rinsing the contaminated aluminos
emoval of surface contamination. The sharp jumps in refractive index within the h
ig. 6. It was found that the temperature-referenced Bragg wave-
ength shifts data was in agreement with the change in %RH as
easured by the Testo 625 hygrometer, within the associated accu-
acy error of each measurement taken the experimental period.
he excellent agreement and lack of long-term drift of the Bragg
avelength shift data demonstrated that the thermal compensa-
ion afforded by on-chip reference gratings is a sufﬁcient method
o compensate for refractive index changes due to temperature
hange in ‘static’ sensing environments as well as ‘ﬂow’ sensing
nvironments.
.3. Removal of surface contamination
Over a period of several weeks of regular experimental use, a
oss of sensitivity to humidity was noticed with the alumina-grafted
ptical hygrometer that was not accompanied by the reduction in
lm thickness which was  exhibited by the silica analogue. The cause
f this was attributed to grease within the laboratory nitrogen gas
ines liberated under high ﬂow.
It was found that full sensitivity to changes in humidity could
owever be repeatedly and completely restored, by rinsing the
lanar device with organic solvent. In situ refractive index mon-
toring during a rinsing cycle of methyl ethyl ketone followed by
sopropanol revealed the removal of a contaminant, as shown by
he negative Bragg wavelength shift in Fig. 7, plotted after correc-
ion against the reference Bragg gratings. It should be noted that
hilst the reference returned to its initial value, this was  only once
ll solvent had evaporated and the effects of evaporative cooling
iminished, however these effects would be experienced by all
ratings equally – further illustrating the need for on-chip com-
ensation. It was found that the alumina-grafted sol–gel layer was
esistant to a wide range of organic solvents, including methyl ethyl
etone, isopropanol, methanol, dichloromethane, n-hexane, ace-
one, xylenes and water with no decrease in ﬁlm thickness being
etected after prolonged exposure.
. ConclusionWe  have demonstrated that a planar integrated Bragg grat-
ng sensor chip fabricated using the direct UV-writing approach
an be modiﬁed with a mesoporous silica thin ﬁlm. Such a device thin ﬁlm Bragg grating hygrometer with methyl ethyl ketone (MEK) indicated the
 region correspond to individual solvent washes.
is highly sensitive to changes in humidity over a wide humidity
range; however hydrolytic degradation of the sol–gel requires the
additional grafting of alumina to the porous surface to ensure long-
term stability. Such alumina-grafting offers the additional beneﬁts
of enhanced sensitivity, up to 3 times that of the silica analogue,
and for applications at elevated humidity. The sensitivity of the
aluminium oxide modiﬁed thin ﬁlm device, in the range 0–65%RH,
was 0.69 ± 0.05%RH/pm. Compared to photonic crystal ﬁbre-based
humidity sensors reported in the literature, the device reported
herein is less intrinsically sensitive [10]. However, with further
optimisation of the ﬁlm thickness and enhancement of the evanes-
cent modal overlap we  believe that the sensitivity of this ﬁrst
proof-of-concept device technique can be improved. In addition,
the device reported herein offers the additional real-world beneﬁts
of multiplexed sensing and self-referencing. The device has been
shown to be resistant to solvent vapours and solvents, an important
factor for real-world applications.
Long-term measurement indicated that the thermal compensa-
tion afforded by on-chip reference grating was sufﬁcient to prevent
any drift in calibration. As with all hygrometers, contamination
of the sensor can occur, for the reported devices this was  easily
removed by rinsing with organic solvent with the sensitivity being
repeatedly and reproducibly restored.
The facile fabrication techniques, robustness, and associated
advantages of the planar integrated optical format make this device
a viable humidity sensor that offers advantages over the cur-
rent electrical devices in a range of domestic, commercial and
industrial settings. When this is combined with the previously
reported methods for monitoring temperature [8], pressure [53],
and chemo/bio-detection [18] the suitability of integrated optical
Bragg grating devices for highly multiplexed sensor devices within
distributed networks becomes apparent.
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